Introduction
The castor plant is a C3 plant of the Euphorbiaceae family (Webster, 1994) . It is an oil-producing species and has long been appreciated for its important commercial value. It has more than 700 industrial uses (Anjani, 2012) . Moreover, it shows promise for a variety of applications in the coming years, particularly as a source of renewable energy (Patel et al., 2016) . Due to its great variability among genotypes, castor has adapted to a wide range of environmental conditions (Sowmya et al., 2016) . It is cultivated in tropical and subtropical regions as a perennial shrub and in temperate climates as an annual plant (Bauddh et al., 2015) . The castor oil plant is a hardy crop that is easy to establish in the field, resistant to drought, and tolerant of different types of soil, including marginal soils (Salihu et al., 2014) . Recently, it has been proposed as an alternative for sustainable production under the severe conditions in the semiarid and arid regions of the world (Teixeira et al., 2017) .
Approximately 65% of the land in Mexico is dry (UNESCO, 2010) . In arid zones of Mexico, competition for water between sectors (agricultural, domestic, industrial) is increasing, which increases pressure on water resources. Water scarcity in arid areas mainly affects agriculture, which is considered the main user of water with a 75% utilization of the total water available (Molden et al., 2001) . Therefore, a key strategy is to focus on improving water productivity by increasing crop productivity with a lower use of irrigation water (Tabarzad and Ghaemi, 2015) .
Castor has shown tolerance to drought and salt stresses and has been cultivated under both rainfed and supplementary irrigation conditions (Sharma et al., 2010; Bauddh and Singh, 2012; Zhanga et al., 2018) . Thus, a yield of 1774 kg ha −1 of castor seeds was produced without irrigation, 2199 kg ha −1 with supplementary irrigation at the end of the growing season, and 4252 kg ha −1 with supplementary irrigation before and after the rainy season (Souza et al., 2007) . Under optimized irrigation conditions, 3780 kg ha −1 of hybrid GCH5 castor seeds were obtained (Raj et al., 2010) . Castor showed greater water use efficiency under a dry irrigation regime than under a wet irrigation regime. However, the yield was higher (2.13 t ha -1 ) under the wet regime (Ramanjaneyulu et al., 2013) . Lavanya et al. (2012) evaluated 15 genotypes of castor under rainfed conditions, and the highest yields of seeds and oil were 1580 kg ha -1 and 750 kg ha -1 , respectively.
In northeastern Mexico, Armendáriz et al. (2015) evaluated eleven genotypes of castor collected in different places in Mexico. The genotypes were grown under rainfed conditions, and yields ranged between 56.3 and 937.1 kg ha -1 , while oil production varied between 27 and 393 kg ha -1 . Solís-Bonilla et al (2016) evaluated eleven castor varieties from central and southeastern Mexico under rainfed conditions. They found significant differences in the days to flowering among the varieties (99 to 149 DAS). Variability has been found in castor varieties in terms of the morphological characteristics of the plant as well as the features of the clusters, especially fruits and seed size. Salazar Sánchez et al. (2014) used an F12 from a native genotype under a subsidiary irrigation system and two population densities. The yield was statistically similar for both population densities, with 3493 kg ha -1 and 3569 kg ha -1 for the low and high population densities, respectively.
It has been found that regulated low irrigation induces specific responses in some species based on the adaptation of plants to drought (Ma et al., 2015) . These responses reduce irrigation water use and even increase crop productivity (Acevedo-Opazo et al., 2010) . In some Ricinus communis varieties, it has been observed that deficit irrigation led to lower water consumption without affecting photosynthesis (Carvalho et al, 2019) . It has been reported that different irrigation regimes applied to castor did not significantly affect the number of branches or the number of nodes (Ramanjaneyulu et al., 2013) . However, there are not enough studies on the effects of suboptimal irrigation on the growth and yield of castor in arid environments. The aim of this study was to identify the responses of the growth and yield of two varieties of castor plant to different levels of soil moisture in an arid environment.
Materials and methods
Preliminary assays were carried out with four varieties of castor to evaluate their performance under irrigation in Durango, Mexico. These varieties were donated by the "Breeding of Ricinus communis project" of Universidad Autónoma Chapingo. Rincon and Krishna showed the best performance. As a result, these two varieties were selected for this study. A field experiment was conducted at Unidad Regional Universitaria de Zonas Áridas of Universidad Autónoma Chapingo, Mexico. It is located at 25° 53' N, 103° 36' W and an altitude of 1,117 meters above sea level in a region known as Comarca Lagunera. This region has a dry climate with summer rains, an average annual rainfall of 239 mm, and a thermal oscillation from 7 to 17 °C (García, 1973) . The physicochemical characteristics of the soil were analyzed. It has a clay-loam texture, apparent density of 1.2 g cm -3 , electrical conductivity of 2.6 dS m -1 and pH of 8.1. The available nitrogen was 16.3 mg kg -1 , the available phosphorus was 12 mg kg -1 and the available potassium was 401 mg kg -1 . No fertilizers were added to the soil for this experiment.
Experimental design
Two factors were included in the experiment: soil moisture, with three levels (high = -0.05 MPa, medium = -0.31 MPa and low = -0.91 MPa), and two varieties (Krishna and Rincon). The combination resulted in a factorial 3 × 2 experimental design. The experiment was set up in a randomized block design with four replications under a split plot arrangement, where the whole plots were for soil moisture and the subplots were for variety. The treatments were identified with the following abbreviations: KH, KM and KL for the Krishna variety under conditions of high, medium and low soil moisture, and RH, RM and RL for the Rincon variety under conditions of high, medium and low soil moisture. The sowing date was June 30, 2016. The population density was 13,888 plants ha -1 , which corresponded to seedbeds with black plastic film mulch that was 1.20 m wide with a separation of 0.60 m between plants. The experimental unit consisted of four seedbeds that were 9 m long and 1.2 m wide. The useful plot corresponded to the 7 central meters from the two central seedbeds. The climatic conditions during the growing season were the following: average temperature of 22 °C, relative humidity of 56% and an accumulated precipitation (June-December 2016) of 261 mm.
Establishment of the experiment and irrigation system
The varieties of castor plant were manually sown in the field. A tape-type drip irrigation system was used, placing the lines on the soil surface with a controlled operating pressure of 16 PSI. A drip irrigation system was established, derived from a main line pipe and side connections of PVC for each plot. The drip irrigation system was controlled by a stopcock that allowed the delivery of water according to the irrigation program with water drawn from a deep well. After sowing, and once the plants reached 15 to 20 cm in height (at 39 days after sowing, DAS), an initial watering was applied to reach the field capacity of the soil. Subsequently, the treatments for soil moisture content were initiated based on the irrigation program of each treatment.
Soil moisture treatments
For the soil moisture content treatments, the determinations of the soil field capacity (FC) and the permanent wilting point (PWP) were performed in the lab. The FC was 27% soil moisture (-0.025 MPa), while the PWP was 13% (-1.36 MPa). With this information, a calibration curve of the percentage soil moisture content against the pressure in Megapascals (MPa) was obtained. In addition, we proceeded to apply irrigation to increase the soil water content up to FC. Afterwards, the soil water content was managed according to each specific treatment. Irrigation times were established to perform the treatments. To maintain a favorable moisture content, soil moisture was lowered to a maximum of 24% (-0.048 MPa, near field capacity), 18% (-0.31 MPa) and 14% (-0.908 MPa near permanent wilt point) for the high, medium and low soil moisture treatments, respectively, recovering the humidity at 27% (-0.025 MPa) for both varieties.. The soil moisture content was periodically measured at 30 cm depth by the gravimetric method. At the end of the study, the total applied irrigation was calculated as 64, 51 and 36 cm on average for the high, medium and low soil moisture treatments, respectively.
Measured variables
The variables measured were plant height (PH), days to flowering of 50% of the plants (DF), leaf area (LA), plant dry weight (DW), source-sink relationship, harvest index (HI) and seed yield (Y). The variables of fresh and dry matter were evaluated by selecting and identifying plants at random within each treatment at the end of the experiment, and the seed yield variable (kg ha -1 ) was evaluated by considering the seeds of the fruits of the experimental plot.
For dry weight, the parts of the plant were placed into an oven with forced air at 64 °C for 72 hours or until constant weight. The leaf area per plant was determined using an LI-3000C portable area meter. The harvest index (HI) was determined by the following equation:
where HDM is harvestable dry matter (g) and TDM is total dry matter (g).
The net assimilation rate (NAR, g cm 2 d -1 ) was calculated using the values of dry weight and leaf area as follows:
( 2) where ln = natural logarithm, LA1, 2 = leaf area at the beginning and end of the time interval, W1, 2 = dry weight at the beginning and end of the time interval, and T1, 2 = initial and final time interval.
Additionally, the relative growth rate (RGR (g g -1 d -1 ) was calculated using the following equation:
( 3) where ln = natural logarithm, W1, 2 = dry weight at the beginning and end of the time interval, and T1, 2 = initial and final time interval.
The source-sink relationship was estimated by the following equations:
where SS = source strength, (g d-1), LA = Leaf area, NAR = net assimilation rate, SKS = sink strength (g d-1), DW = dry weight, and RGR = relative growth rate.
Data analysis
To interpret the quantitative variables, ANOVA was applied. In those cases in which there were significant differences between the treatments, the Tukey comparison test (HSD) was used, and a regression analysis adjusted to the logistic model for the evaluated variables was performed. Statistical analysis was performed using RStudio software.
Results and discussion
Ricinus communis L. is a plant that has multiple uses, as various parts of the plant can be used in agricultural, industrial, medical, and ornamental fields. It is an excellent candidate for the production of high-value industrial and agricultural raw material (Rukhsar et al., 2018) . Additionally, it has been reported as a good crop for marginal soil, such as that in semiarid areas (Severino et al., 2012) . In this study, we tested two varieties at different soil moisture levels in order to evaluate their agronomic performance and seed yield.
The data analysis for the days to flowering showed no significant differences (HSD α = 0.05) among the treatments applied. However, in both varieties, the highest soil moisture treatment led to fewer days to the flowering period than those in treatments with lower soil moisture. The number of days to flowering in both varieties was between 84 and 87 DAS without significant differences between the varieties. In other experiments, blooms were reported from 48-68 days (Anjani et al., 2018) and 47-51 days (Rukshar et al., 2018) . The number of days to flowering of eleven varieties in a temperate region of Mexico ranged between 99 and 149 DAS (Solis Bonilla et al., 2016) . The flowering of the varieties evaluated in our experiment was within the range reported in other studies. However, seed production may not be influenced by fast flowering and may be influenced by other characteristics related to with the maturity of the raceme or the amount of capsules, as reported by Rukhsar et al. (2018) . In addition, Severino et al. (2012) mentioned that high temperatures affect the ratio of female to male flowers, but that ratio would not necessarily increase seed yield.
Regarding plant height, significant differences (HSD α = 0.05) among the treatments were observed. In general, the Rincon variety had lower heights than those in the Krishna variety. In the same way, based on the logistic model equation used, the treatment of the Krishna variety with high soil moisture (KH) showed the highest growth rate with respect to height in the evaluated period, with a maximum of 7.2 cm day -1 at 90 DAS. On the other hand, the treatment of the Rincon variety with low soil moisture (RL) had the lowest growth rate, with a final height of 270 cm. The results indicate that soil moisture affects plant height in both varieties. Therefore, at higher soil moisture, greater plant height was observed (Figure 1) .
These findings contrast with those reported by Kowser (2018) and by Souza et al. (2018) , who attained heights of less than two meters in the genotypes and hybrids they used (genotypes DCH-177 and DCH-519; castor hybrids K93, respectively), indicating that the plant height largely depend on the genotype or variety. The heights reported in the present study may also be due to the spacing between plants, since studies such as that of Shinde et al. (2018) report that lower spacing between plants favors a greater height. Furthermore, soil moisture may also favor plant height. In addition, soil moisture can also determine plant height; low water availability inhibits the elongation of cells that affect various physiological and biochemical processes (Jaleel et al., 2008) , affecting plant height, leaf area, stem diameter, and plant growth in different crops (Farooq et al., 2009 ).
The leaf area increased during the experiment. There were significant differences among treat-ments only at 116 and 167 DAS. According to the equation of the logistic model used for the leaf area, the treatment with the Rincon variety under high soil moisture presented the highest growth rate, followed by the Krishna variety under medium soil moisture. It is noteworthy that the Rincon variety had a larger leaf area when subjected to high soil moisture conditions than under lower soil moisture conditions, while the Krishna variety under the same high soil moisture conditions showed a significantly lower leaf area than that of the Rincon variety ( Figure 2) . However, the Krishna variety presented greater leaf area growth rates from the beginning of the experiment until 116 DAS, the stage in which flowering and fruit formation occurs. It is likely that this high leaf area growth rate favored seed yield, as has been reported in beans (Polón-Pérez et al., 2017) .
The leaf area reported in this study is higher than that in the results reported by Fioreze et al. (2018) . They reported leaf areas of up to 6500 cm 2 at 90 days that subsequently decreased, while in our study, leaf area continued to increase ( Figure  2 ). This may be due in part to the availability of water and nutrients, since plants with greater water availability tend to present larger leaf areas and higher growth rates. Another cause may be the differences among varieties, as mentioned by Jiménez- Ocampo et al. (2015) . Castor has been recognized as a species with high plasticity in plant height, leaf morphology, life cycle duration and seed morphology among genotypes (Sowmya et al., 2016) . At the end of the growth cycle, early frosts were absent in the region where the experiment was set up. This may have allowed continuous growth and expansion of the leaf area in both varieties of castor plant.
Significant differences were found for dry weight at 133 and 167 DAS, favoring in general the treatments of the Krishna variety (HSD α=0.05). The behavior of dry weight was similar to that of the leaf area. The treatments of the Krishna variety with medium soil moisture and the Rincon variety with high and medium soil moisture presented the highest dry weights in the end (167 DAS). The Rincon variety with low soil moisture had the lowest dry weight (Figure 3 ). These differences in dry weight are believed to be related to the differences in the leaf area, as reported in several studies in beans (Polón-Perez et al., 2017) , in which the leaf area and dry weight are related. Additionally, the differences may be due to the greater number of secondary stems, since they accumulate a greater biomass than the leaves, as reported by Reddy and Matcha (2010) . The low increments in dry weight at the end of the experiment in the KL and RL treatments may be attributed to a lower availability of water in the soil.
Regarding the source-sink relationship, both varieties presented a constant demand for assimilates regardless of the soil moisture, especially towards the end of the sampling period (Figure 4) . The demand for assimilates in the Rincon variety is believed to be more focused on the vegetative growth of the plant rather than on the transfer of photosynthates to the reproductive organs. The same pattern seems to have happened in the Krishna variety with medium soil moisture. Fioreze et al., 2016 mention that there is competition between sinks, such as between the flowering of the primary bunch and that of the secondary stems, in early development.
In addition, the strength of the source was higher in the KH and KL treatments at 116 DAS, which could have favored the formation of reproductive organs as well as a photosynthetic apparatus that favors the use of photosynthates for the formation and filling of grain at later growth stages. According to Severino et al., 2012 and Fioreze et al., 2018 , the manipulation of plant growth through the elimination of secondary stems promotes high yield due to the resulting higher growth and production of the primary bunch, shorter growth cycle and more uniform maturity, which are considered key characteristics for the success of the crop. Therefore, we believe that the KH and KL treatments, by developing fewer secondary stems, focused the nutrient demand on grain filling. Additionally, the low source capacity throughout almost the whole growth cycle of the varieties evaluated in this study (Figure 4 ) reveals that more work must be done to improve the capacity of the source, for example, by management practices (fertilization, sowing date, population density, etc.) mainly before and during grain filling, as proposed for other crops (Bonelli et al., 2016) .
Regarding the harvest index (HI), there were significant differences among varieties (p = 0.01) as well as differences related to the variety*soil moisture interaction (p = 0.03). The Krishna variety under low and high humidity conditions (KL and KH, respectively) had the highest HI values, of 0.28 and 0.17, respectively. The treatments with the Rincon variety, RH, RM and RL (HIs of 0.10, 0.15 and 0.13, respectively), as well as the KM treatment reported lower harvest index values. (Figure 5 ). The treatments with greater leaf area were those with lower HI values. This may be explained by the results of modeling studies that have shown that ramification and leaf production may produce a negative impact on source-sink relationships and reduce the grain yield (Julien et al., 2011) . The harvest index of the Krishna variety under low moisture is comparable with that of other grains such as corn (0.32-0.36, Kumar et al., 2018a) , so we can consider that this treatment had a good harvest index.
In addition, Kumar et al. (2018b) reported harvest index ranges of 0.29-0.31. This suggests that the Krishna variety has a high yield potential considering that the crop requires minimal agricultural intervention; it is likely that with fertilization and other agricultural practices, such as those mentioned by Fioreze et al., 2018, the grain yield and harvest index of the Krishna castor variety can be increased.
Significant differences in seed yield among varieties were found (p = 0.004). The KL treatment had the highest yield, 5220 kg ha -1 . In general, the Krishna variety presented higher yields than the Rincon variety regardless of the soil moisture treatment, although the Krishna treatments only differed significantly from the high soil moisture treatment of the Rincon variety (RH). The Krishna variety did not require high amounts of soil moisture to produce a good yield, and the low availability of water allowed it to deposit reserves in the seeds ( Figure 6 ).
The yields that were obtained, especially those in the KL and KH treatments, are higher than those reported by Shinde et al. (2018) and Man et al. (2017) and are even comparable with those obtained by the fourteen genotypes studied by Shah et al. (2017) . These yield results are believed to be partly due to the adequate development of the castor plant photosynthetic apparatus (90-133 DAS) and partly due to the formation of photosynthates and their translocation towards flowering and the formation and filling of fruit, rather than towards the formation of other plant parts, such as more vegetative area, as in the case of the Rincon variety. Figure 2 shows that none of the treatments reached the maximum leaf area. This means that the plants could continue growing and producing seeds. However, the leaves of the KL treatment almost reached the maximum leaf area. It is possible that low soil moisture caused a shortening of the growth cycle in the Krishna variety in which more assimilates were translocated for grain filling, while high soil moisture may have caused an extension of the growth cycle in which more assimilates were directed towards leaf growth.
Moreover, several studies have indicated that populations of the same species may have similar levels of phenotypic plasticity for a certain characteristic, but there may be intrapopulation differences in the phenotypic plasticity of another characteristic (Ramírez, 2010) . For example, the osmotic adjustment related to the adaptive response to hydric deficits (Turner, 2018) is a trait that can be inherited and positively associated with yield (Babita et al., 2010; Blum, 2017) . For this reason, we also believe that the phenotypic plasticity of the plant played an important role in the evaluated varieties by generating anatomical, physiological, morphological or structural changes that allowed the varieties to adapt in different ways to the generated environments (in our case, different soil moisture levels).
The main conclusions are as follows. Based on the results, we can conclude that Ricinus communis L. is a versatile plant that can adapt to the climatic conditions of the arid zones of Mexico and that it has great potential for cultivation on marginal lands with few nutrients and low water availability, given that in this study, the best result in terms of seed yield was obtained at suboptimal soil moisture levels. The Krishna variety has better performance characteristics and adaptation to prolonged water deficits than the Rincon variety, which is a common situation in arid areas. Among the treatments tested in this study, the treatment with the Krishna variety under conditions of low soil moisture (KL) obtained the best seed yields, a situation that was favored by the growth of an adequate photosynthetic apparatus from the 90 to 133 DAS period during which flower formation and fruit filling occurred. We conclude that castor can be produced in arid regions at suboptimal soil moisture levels without compromising plant performance or seed yield. Agr. 46(3) : 253-265. En este estudio se analiza cómo la humedad del suelo influye en el rendimiento de las semillas de dos variedades de plantas de higuerilla en una zona árida de México. Se estableció un experimento incluyendo dos factores: humedad del suelo con tres niveles (Alto = -0.05 MPa, Medio = -0.31 MPa y bajo = -0.91 MPa) y variedades (Krishna y Rincon). La combinación resultó en un factorial 3×2. El diseño experimental fue un bloques al azar con arreglo en parcelas divididas, donde la parcela grande correspondió a la humedad del suelo y la subparcela a las variedades de higuerilla. Las variables medidas fueron altura de planta (PH), días a floración (DF), área foliar (LA), peso seco (DW), relaciones fuente demanda, índice de cosecha (HI) y rendimiento. Los datos fueron analizados mediante análisis de varianza, pruebas de medias (HSD at α = 0.05) y análisis de regresión. Se detectaron diferencias significativas en PH, LA, DW, HI y rendimiento. Los valores de PH, LA y DW tendieron a ser mayores en condiciones de alta humedad. La fuerza de la fuente en general fue menor que la fuerza de la demanda en todos los tratamientos. El HI y la interacción HI*variedad mostró diferencias significativas entre tratamientos. Los rendimientos de la variedad Krishna fueron mayores que los de la variedad Rincon pero solo hubo diferencias significativas entre Krishna en condiciones de baja humedad (5200 kg ha -1 ) y Rincon en condiciones de alta humedad (2570 kg ha -1 ). Los resultados de este estudio apoyan que la higuerilla puede ser cultivada en regiones áridas en condiciones de humedad subóptima sin que se ponga en riesgo el desarrollo de la planta ni el rendimiento.
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